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Available online 21 January 2016AbstractThe interaction between incident waves and a floating rectangular breakwater with the vertical porous side plates has been investigated in the
context of the two-dimensional linear potential theory. The matched eigenfunction expansion method(MEEM) for multiple domains is applied to
obtain the analytic solutions. The dependence of the transmitted coefficients and motion responses on the design parameters, such as porosity
and protruding depth of side plates, is systematically analyzed. It is found that the non-dimensional wavelength where the sudden drop of
transmission coefficients occurs, corresponds to the heave resonant frequency obtained from Ruol et al. (2013) for p-type floating breakwater. It
is concluded that both properly selected porosity and deeper protruding depth of side plates are helpful in reducing the transmission coefficients
and also extending the wider applicable extent of incident wavelength for performance enhancement.
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A floating breakwater is an alternatives to conventional
gravity-type breakwaters for several reasons. Firstly, the con-
struction cost of the floating breakwater is slightly dependent
on the water depth and the floating breakwater can be easily
placed on soft bottom ground. Secondly, the floating break-
waters have the ecological advantage of sea water circulation,
biological exchange and sediment transport beneath the
structure and thirdly, the placement location of the floating
breakwaters can be easily changed and the construction period
is much shorter compared to the fixed-type breakwater. Due to
the above mentioned advantages, the floating breakwater has
been constructed for limited purposes such as a portable
breakwater for preserving aquacultural facilities and a floating
wharf for yachts and recreational boats. Various methods have
been proposed to improve the performance of the floatingE-mail address: cho0904@jejunu.ac.kr.
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performance of the floating breakwater due to the attachment
of vertical porous plates to its up-wave and down-wave sides.
Mei and Black (1969) and Black et al. (1971) applied
Schwinger's variational formulation to the radiation of surface
waves due to small oscillation of circular and rectangular
cylinders, and the wave exciting forces on the body due to a
plane incident wave were obtained by means of Haskind
theorem. Drimer et al. (1992) presented a simplified approach
for a floating breakwater where the breakwater width and
incident wavelength are taken to be much larger than the gap
between the breakwater and the seabed. Wu et al. (1995) used
the matched eigenfunction expansion method to analyze the
wave induced responses of an elastic rectangular floating plate
using modal expansions of the structural motion. Lee (1995)
presented an analytical solution to the heave radiation prob-
lem of a rectangular structure in an infinite domain with
constant water depth. The generated waves, the added mass
and the radiation damping coefficients were investigated.
Abul-Azm and Gesraha (2000) examined the hydrodynamicSociety of Naval Architects of Korea. This is an open access article under the
Fig. 1. Schematic diagram of a rectangular floating breakwater with porous
side plates.
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linear waves in water of finite depth by use of the eigen-
function expansion method. Zheng et al. (2004) presented an
analytical solution to the diffracted and radiation potential
including sway, heave and roll by a rectangular body under the
action of normal incident waves. Zheng et al. (2006) consid-
ered the linear wave radiation by a floating rectangular
structure in oblique waves. The expressions for the radiation
potentials in oblique waves were derived analytically by use of
the method of separation of variables. Gesraha (1998, 2006)
investigated the reflection and transmission of incident
waves interacting with a long rectangular breakwater with two
thin impermeable side plates protruding vertically downward.
Through comparison to the rectangular one having the same
mass; it was found that the proposed configuration of break-
water experiences lower transmission coefficients and wave
exciting forces.
Bai (1975) presented a finite element method to study the
diffraction of oblique waves by an infinite cylinder in water of
finite depth. The reflection and transmission coefficients and
wave exciting forces and moment were computed for oblique
waves incident upon a vertical flat plate, a horizontal flat plate
and rectangular cylinders. Garrison (1984) used a Green's
function method to compute the oblique wave interaction with
a cylinder of arbitrary section on the free surface in water of
infinite depth. Andersen and Wuzhou (1985) presented an
integral equation formulation for the calculation of hydrody-
namic coefficients for long, horizontal cylinders of arbitrary
section. Isaacson and Nwogu (1987) developed a generalized
numerical procedure based on Green's theorem to compute the
wave exciting forces and hydrodynamic forces due to the
interaction of oblique waves with an infinitely long, semi-
immersed floating cylinder of arbitrary shape. Sannasiraj
et al. (2000) used the finite element method to the study of
the diffraction-radiation of multiple floating structures in
directional waves. Politis et al. (2002) developed a Boundary
Integral Equation (BIE) method for the oblique water-wave
scattering by cylinders in water of infinite depth and four
geometric configurations were chosen to investigate the nu-
merical performance of the BIE method.
During the past decades, there have been many theoretical
and experimental studies regarding the wave-absorption per-
formance by porous plate. For example, the wave transmission
of a thin vertical porous plate placed in deep water was
investigated by Tuck (1975). He discussed the application of
Darcy's law for flows across porous plates and suggested that
in the case of sinusoidal oscillations the velocity across the
material with fine pores can be related to the pressure drop by
a complex-valued frequency dependent parameter, which ac-
counts for both viscous and inertial effects. Along the same
line, Chwang (1983) developed a porous wavemaker theory
and found that the porous effect reduces the wave amplitude as
well as the hydrodynamic force on the wavemaker. Later,
Evans (1990) analyzed the wave reflection by a number of thin
porous plates fixed in a narrow wave tanks and showed that the
reflected wave energy is largely reduced if the front porosity is
greater than the rear porosity. Wu et al. (1998) provided a goodliterature review on the subject, implementing a continuous
approximation via a porous effect parameter making the
assumption that the material structure of the plate consists of
very fine pores and thus the normal velocity of the fluid
passing through the plate is linearly proportional to the pres-
sure jump across itdakin to a viscous Darcy type law. Cho
and Kim (2008) studied the wave energy dissipation of a
horizontal porous plate as a wave absorber and their experi-
mental results reasonably followed their analytical predictions.
Crowley and Porter (2012) provided the boundary condition at
the slatted screen, using a screen-averaged linear relationship
between the flux and pressure drop. This was modeled via a
complex coefficient which includes a real part associated with
the added inertia (blockage coefficient) and an imaginary part
associated with energy dissipation across porous screen.
In this paper, the effect of the addition of two porous side
plates on the performance of a rectangular breakwater is
studied. For this, matched eigenfunction expansion method is
applied and a new analytical expression for the diffraction and
radiation velocity potential is obtained. The parametric study
for optimal design of porous side plates was conducted, which
includes the dependence of reflection, transmission, and
energy-loss coefficients on various design parameters, such as
porosity, protruding depth of side plates, and wave conditions.
2. Mathematical formulation
The diffraction and radiation problem including sway,
heave, and roll motion of a rectangular floating breakwater
with porous side plates is considered. The geometry of a
rectangular breakwater and the Cartesian coordinate system
are shown in Fig. 1. The origin of the coordinate system is at
the undisturbed water surface with the positive z pointing
upwardly and the positive x pointing to the right. Here, a
rectangular breakwater is assumed infinite in the y direction,
so the problem considered here is two dimensional. The width
and draft of the rectangular breakwater is 2a, and d, respec-
tively. The water depth is fixed at h, the two porous plates are
protruded vertically with depth s from the each side of bottom
of the breakwater, and the plate thickness is assumed to be
zero in the analysis described below. If the fluid is assumed
incompressible and inviscid and the motion is irrotational,
55I.-H. Cho / International Journal of Naval Architecture and Ocean Engineering 8 (2016) 53e65there exists a velocity potential. Assuming that u is the fre-
quency of the incident waves, the velocity potential can be
written as
Fðx; z; tÞ ¼ Reffðx; zÞeiut;
fðx; zÞ ¼ fDðx; zÞ  iu
X3
j¼1
xjfjðx; zÞ; ð1Þ
where fDð¼ fI þ f4Þ is referred to the diffraction potential,
which is sum of the incident wave potential and scattering
wave potential. fj is the radiation potential associated with
the radiation problem and xj denotes the complex amplitude of
the j-th mode of motion ( j ¼ 1 for sway, j ¼ 2 for heave, and
j ¼ 3 for roll), which can be determined by solving the motion
equations of a floating body in waves. If it is symmetric
mode(heave), f2ðx; zÞ ¼ f2ðx; zÞ. It is clear that
fjðx; zÞ ¼ fjðx; zÞ, where j ¼ 1 or 3, in case of antisym-
metric mode (sway, roll), therefore the boundary value prob-
lem is solved only left half-plane of x  0.
The fluid is governed by a velocity potential
fjðx; zÞ; j ¼ 1; 2; 3; 4 satisfying
V2fj ¼ 0 in the fluid; ð2Þ
with the following boundary conditions
vfj
vz
u
2
g
fj ¼ 0 on z¼ 0: ð3Þ
vfj
vz
¼ 0 on z¼h: ð4Þ
lim
x/±∞

vfj
vx
Hikfj

¼ 0; j¼ 1;2;3;4 ð5Þ
8><
>:
vf4
vn
¼ 0 on SB;
vfj
vn
¼ nj; ðj¼ 1;2;3Þ on SB:
ð6Þ
8><
>:
vfD
vx
¼is½fDða0;zÞfDðaþ0;zÞ;
vfj
vx
¼isfjða0;zÞfjðaþ0;zÞþnj;onðdþsÞzd
ð7Þ
where k is the wavenumber.
The imaginary part of s in the Darcy's model (Eq. (7)) is
related to the inertia effect and thus has nothing to do with
energy dissipation. It can be neglected when the plate is thin
and the size of holes is not large. The positive real value of s is
called the porous-effect parameter and represents viscous ef-
fects and can directly be obtained from experiment. The
porosity parameter b is newly defined as follows:
b¼ 2ps
k
ð8Þwhen b ¼ 0, the porous plate reduces to a solid plate: while for
b/∞, the porous plate is transparent.2.1. Diffraction problemIn the following, the symmetry of the fluid and breakwater
is used by splitting fjðx; zÞ; j ¼ 1; 2; 3; 4 into symmetric and
asymmetric parts.
fjðx; zÞ ¼ fþj ðx; zÞ þfj ðx; zÞ; ð9Þ
where superscript ± means symmetric and asymmetric parts,
respectively. The symmetric and asymmetric parts of velocity
potential satisfy the following equations.
fþj ð  x; zÞ ¼ fþj ðx; zÞ;
vfþj ð0; zÞ
vx
¼ 0;
fj ð  x; zÞ ¼ fj ðx; zÞ; fj ð0; zÞ ¼ 0 :
ð10Þ
We consider the solutions valid at x  0, the solution x> 0
can be easily obtained from Eq. (10).
By means of matched eigenfunction expansion method, the
fluid domain is divided into two regions, as shown in Fig. 1.
Region (I) is defined by x  a; h  z  0, and region (II)
by a  x  0; h  z  d. The diffraction potentials in
each region are written as
f
ð1Þ±
D ðx; zÞ ¼
(
1
2
ek0ðxþaÞ þR±ek0ðxþaÞ

I0f0ðzÞ
þ
X∞
n¼1
A±4ne
knðxþaÞfnðzÞ
)
:
ð11Þ
f
ð2Þ±
D ðx; zÞ ¼

Bþ40
B40x

þ 2
X∞
n¼1
B±4n

cosh lnx
sinh lnx

cos lnðzþ hÞ;
ð12Þ
where I0 ¼ N0=cosh kh, and ln ¼ np=ðh dÞ; ðn¼ 0;1;2; :::Þ.
The eigenvalues kn are the solutions of the following
dispersion equations
kn tan knh¼u
2
g
; n 0; ð13Þ
where n ¼ 0; ðk0 ¼ ikÞ represents the propagating waves and
n  1 means the evanescent waves.
The eigenfunctions fnðzÞ are given by
fnðzÞ ¼ N1n cos knðzþ hÞ; with ðNnÞ2 ¼
1
2

1þ sin 2knh
2knh

;
ð14Þ
It is found that the above eigenfunctions fnðzÞ satisfy the
following orthogonality.
1
h
Z0
h
fnðzÞfmðzÞdz ¼ dmn; ð15Þ
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±
4nðn ¼ 0; 1; 2; :::Þ in Eqs.
(11) and (12) can then be determined by invoking the
continuity of potential and horizontal velocity at x ¼ a.
The continuity of horizontal velocity at x ¼ a requires
that
X∞
n¼0
knA
±
4nfnðzÞ ¼
8<
:
0; d  z 0;P∞
n¼0
εnp
±
n B
±
4n cos lnðzþ hÞ; h zd:
ð16Þ
where R± ¼ A±40=I0 þ 1=2, εn is the Neumann symbol, defined
by ε0 ¼ 1; εn ¼ 2; n  1,
p±n ¼
8><
>:

0
1

; n¼ 0
ln
sinh lna
cosh lna

; n 1:
Multiplying both sides ofEq. (16) byffmðzÞ : m ¼ 0; 1; 2; 3::g
and integrating with respect to z from h to 0, we obtain
kmhA
±
4m ¼
X∞
n¼0
εnðh dÞp±n GnmB±4n; ð17Þ
where Gnm ¼ 1ðhdÞ
Rd
h cos lnðzþ hÞfmðzÞdz:
On the other hand, the continuity of f±D at x ¼ a gives
I0f0ðzÞ þ
X∞
n¼0
A±4nfnðzÞ ¼
X∞
n¼0
εnq
±
n B
±
4n cos lnðzþ hÞ ;
 h zðdþ sÞ:
ð18Þ
where
q±n ¼
8><
>>:

1
a

; n¼ 0
cosh lna
sinh lna

; n 1:
If multiplying Eq. (19) by fcos lmðzþ hÞ : m ¼ 0; 1; 2; :::g
and integrating with respect to z over ½h;ðd þ sÞ, we
obtain
q±mB
±
4m 
X∞
n¼0
εnq
±
n HmnB
±
4n ¼ I0Fm0 þ
X∞
n¼0
FmnA
±
4n: ð19Þwhere
Hmn ¼ 1ðh dÞ
Zd
ðdþsÞ
cos lnðzþ hÞcos lmðzþ hÞdz;
Fmn ¼ 1ðh dÞ
Zd
h
fnðzÞcos lmðzþ hÞdz:
On the porous side hull ð ðd þ sÞ  z  dÞ, Darcy's law
(Eq. (7)) is applied
X∞
n¼0
εnp
±
n B
±
4n cos lnðzþ hÞ ¼ is
 
I0f0ðzÞ þ
X∞
n¼0
A±4nfnðzÞ

X∞
n¼0
εnq
±
n B
±
4n cos lnðzþ hÞ
!
:
ð20Þ
Multiplying Eq. (20) by fcos lmðzþ hÞ : m ¼ 0; 1; 2; :::g
and integrating with respect to z over ½ðd þ sÞ;d, and
adding the resulting equation to Eq. (19) yields
q±mB
±
4m þ
X∞
k¼0
εk
	
p±k  q±k þ isq±k


Hmk

B±4k
¼
X∞
n¼0
ðFmn þ isWmnÞA±4n þ I0ðFm0 þ isWm0Þ; ð21Þ
where Wmn ¼ 1ðhdÞ
Rd
ðdþsÞ fnðzÞcos lmðzþ hÞdz ¼ Gmn  Fmn:
If Eqs. (17) and (21) are combined by eliminating the un-
known coefficients A±4n and taking the first N terms in the
infinite series, we obtain the simultaneous algebraic equations
for the unknown constants B±4n
q±mB
±
4m þ
XN
k¼0
εk
"	
p±k  q±k þ isq±k


Hmk
 p±k ðh dÞ
 XN
n¼0
ðFmn þ isWmnÞGkn
knh
!#
B±4k
¼ I0ðFm0 þ isWm0Þ;m¼ 0;1;2; :::;N
ð22Þ
By solving the above simultaneous algebraic equations, the
unknown coefficients B±4nðn ¼ 0; 1; 2; ::;NÞ can be determined.
Subsequently, another unknown coefficients
A±4nðn ¼ 0; 1; 2; ::;NÞ can be obtained from Eq. (17).
Finally, the reflection and transmission coefficients for a
fixed rectangular breakwater can be determined from
R¼ 1þ 	Aþ40 þA40
I0;
T ¼ 	Aþ40 A40
I0: ð23Þ
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angular breakwater can be calculated fromf D1 ¼ 2rg
2
64 Z
0
ðdþsÞ
f
ð1Þ
D

x¼adz
Zd
ðdþsÞ
f
ð2Þ
D

x¼adz
3
75;
f D2 ¼ 2rg
Z0
a
f
ð2Þþ
D

z¼ddx;
f D3 ¼ 2rg
2
64 Z
0
ðdþsÞ
ðz zoÞfð1ÞD

x¼adz
Zd
ðdþsÞ
ðz zoÞfð2ÞD

x¼adz
Z0
a
xf
ð2Þ
D

z¼ddx
3
75;
ð24Þwhere z0 is the rotation center.2.2. Radiation problemThe body boundary conditions Eqs. (6) and (7) for radiation
problems, can be rewritten as8>>>><
>>>>>:
vf
ð2Þ
3
vz
¼x; on z¼d;a x 0;
vf
ð1Þ
3
vx
¼ ðz zoÞ; on x¼a;d  z 0;
vf
ð1Þ
3
vx
¼ vf
ð2Þ
3
vx
¼ is

f
ð1Þ
3 fð2Þ3

þ ðz zoÞ; on x¼a;ðdþ sÞ  zd:
ð27Þ<sway>8>>>>><
>>>>:
vf
ð2Þ
1
vz
¼0;onz¼d;ax0;
vf
ð1Þ
1
vx
¼1;onx¼a;dz0;
vf
ð1Þ
1
vx
¼vf
ð2Þ
1
vx
¼is

f
ð1Þ
1 fð2Þ1

þ1;onx¼a;ðdþsÞzd:
ð25Þ
<heave>8>>>>><
>>>>>:
f
ð2Þ
1 ¼ B10xþ 2
X∞
n¼1
B1n sinh lnx cos lnðzþ hÞ;
f
ð2Þ
2 ¼
ðzþ hÞ2  x2
2ðh dÞ þB20 þ 2
X∞
n¼1
B2n cosh lnx cos lnðzþ hÞ;
f
ð2Þ
3 ¼
ðzþ hÞ2x x33
2ðh dÞ þB30xþ 2
X∞
n¼1
B3n sinh lnx cos lnðzþ h8>><
>>:
vf
ð2Þ
2
vz
¼1;onz¼d;ax0
vf
ð1Þ
2
vx
¼0;onx¼a;dz0:
ð26Þ
<roll>The radiation potential in region (I) and (II), satisfying the
Eqs. (25)e(27) together with Eq. (10), can be written as
follows
f
ð1Þ
j ¼
X∞
n¼0
Ajne
knðxþaÞfnðzÞ: ð28ÞÞ
ð29Þ
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n¼0
Ajnk nfnðzÞ ¼
8<
:
wjðzÞ; d1  z 0;
vjðzÞ þ
X∞
n¼0
εnpjnBjn cos lnðzþ hÞ; h zd1: ð30Þwhere
wjðzÞ ¼
0
B@
1
0
z z0
1
CA;vjðzÞ ¼
0
BBBBB@
0
a=ðh dÞ
ðzþ hÞ
2  a2
2ðh dÞ
1
CCCCCA;
pj0 ¼
0
B@
1
0
1
1
CA;pjn ¼ ln
0
B@
cosh lna
sinh lna
cosh lna
1
CA;n 1:
Eq. (30) can then be multiplied by each of the eigenfunc-
tion ffmðzÞ;m ¼ 0; 1; 2; ::g and integrated over ½h; 0, which
results in
kmhAjm ¼ gjm þ
X∞
n¼0
εnðh dÞpjnGnmBjn; ð31Þ
where gjm ¼
R 0
d wjðzÞfmðzÞdzþ
Rd
h vjðzÞfmðzÞdzFrom the matching boundary conditions for fj, we obtain
X∞
n¼0
AjnfnðzÞ ¼ sjðzÞ þ
X∞
n¼0
εnqjnBjn cos lnðzþ hÞ;
 h zðdþ sÞ;
ð32Þ
where
sjðzÞ ¼
0
BBBBBBB@
0
ðzþ hÞ2  a2
2ðh dÞ
ðzþ hÞ2a a33
2ðh dÞ
1
CCCCCCCA
;qj0 ¼
0
B@
a
1
a
1
CA;
qjn ¼
0
B@
sinh lna
cosh lna
sinh lna
1
CA;n 1;
Multiplying Eq. (32) by fcos lmðzþ hÞ : m ¼ 0; 1; 2; :::g
and integrating with respect to z over ½h;ðd þ sÞ, we obtainqjmBjm 
X∞
n¼0
εnqjnHmnBjn ¼
X∞
n¼0
FmnAjn  ajm; ð33Þ
where ajm ¼ 1ðhdÞ
RðdþsÞ
h sjðzÞcos lmðzþ hÞdz
On the porous side hull ðx ¼ a;ðd þ sÞ  z  dÞ, the
body boundary condition gives2
njðzÞþ
X∞
n¼0
εnpjnBjncoslnðzþhÞ¼wjðzÞ
þis
 X∞
n¼0
AjnfnðzÞsjðzÞ
X∞
n¼0
εnqjnBjncoslnðzþhÞ
!
;
ð34Þ
If multiplying Eq. (34) by fcos lmðzþ hÞ : m ¼ 0; 1; 2; :::g
and integrating with respect to z over ½ðd þ sÞ;d, and
adding the resulting equation to Eq. (33) yields
qjmBjm þ
X∞
k¼0
εk
	
pjk  qjk þ isqjk


Hmk

Bjk
¼
X∞
n¼0
ðFmn þ isWmnÞAjn  ajm þ bjm; ð35Þ
where
bjm ¼ 1ðhdÞ
Rd
ðdþsÞ½wjðzÞ  njðzÞ  issjðzÞcos lmðzþ hÞdz:
Substituting Eq. (31) into Eq. (35) for eliminating the un-
known coefficients Ajn, we obtain the simultaneous algebraic
equations for the unknown constants Bjn
qjmBjm þ
XN
k¼0
εk
"	
pjk  qjk þ isqjk


Hmk
 pjkðh dÞ
 XN
n¼0
ðFmn þ isWmnÞGkn
knh
!#
Bjk ¼ajm þ bjm þ
XN
n¼0
ðFmn þ isWmnÞgjn
knh
;m¼ 1;2; :::;N
ð36Þ
The unknown coefficients Ajn can be readily obtained from
Eq. (31).
The hydrodynamic forces by the oscillation of a rectangular
breakwater are found by integrating the pressure over body.
FRi ¼ Re

f Ri e
iut¼ Z
S
pnidS¼ ru2
X3
j¼1
xje
iut
Z
S
fjnidS;
aij ¼ Re
2
4r Z
S
fjnidS
3
5;bkj ¼ Im
2
4ru Z
S
fjnidS
3
5;
a11 ¼ 2rRe
2
64 Z
0
ðdþsÞ
f
ð1Þ
1

x¼adz
Zd
ðdþsÞ
f
ð2Þ
1

x¼adz
3
75;
b11 ¼ 2ruIm
2
64 Z
0
ðdþsÞ
f
ð1Þ
1

x¼adz
Zd
ðdþsÞ
f
ð2Þ
1

x¼adz
3
75;
a22 ¼ 2rRe
2
4 Z0
a
f
ð2Þ
2

z¼ddx
3
5;b22 ¼ 2ruIm
2
4 Z0
a
f
ð2Þ
2

z¼ddx
3
5;
a33 ¼ 2rRe
2
64 Z
0
ðdþsÞ
ðz zoÞfð1Þ3

x¼adz
Zd
ðdþsÞ
ðz zoÞfð2Þ3

x¼adz
Z0
a
xf
ð2Þ
3

z¼ddx
3
75;
b33 ¼ 2ruIm
2
64 Z
0
ðdþsÞ
ðz zoÞfð1Þ3

x¼adz
Zd
ðdþsÞ
ðz zoÞfð2Þ3

x¼adz
Z0
a
xf
ð2Þ
3

z¼ddx
3
75;
a31 ¼ a13 ¼ 2rRe
2
64 Z
0
ðdþsÞ
f
ð1Þ
3

x¼adz
Zd
ðdþsÞ
f
ð2Þ
3

x¼adz
3
75;
b31 ¼ b13 ¼ 2ruIm
2
64 Z
0
ðdþsÞ
f
ð1Þ
3

x¼adz
Zd
ðdþsÞ
f
ð2Þ
3

x¼adz
3
75:
ð37Þ
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be linked. The dynamic motion response of a floating break-
water is obtained by solving the equations of motion. These
equations include the hydrostatic restoring force, hydrody-
namic radiation forces, and wave exciting forces. They may be
written in a matrix form as
 ð½M þ ½aÞu2  iu½b þ ½C½x ¼ ½f D; ð38Þ
where ½x ¼ ðx1; x2; x3ÞT , ½f D ¼ ðf D1 ; f D2 ; f D3 ÞT is a vector con-
taining the motion responses and wave exciting forces,
respectively, and ½a; ½b is the added mass and radiation
damping matrix. The mass matrix ½M and hydrostatic
restoring force matrix ½C may be given by:
½M ¼
0
@ m 0 mzG0 m 0
mzG 0 I
1
A: ð39Þ½C ¼
0
@0 0 00 2rga 0
0 0 mgGM
1
A; ð40Þ
where m is the mass per unit length of the breakwater, zG is the
z-coordinate of the centre of gravity, Ið¼ mr2GÞ is the mass
moment of inertia about y-axis; rG is the radius of gyration in
roll, and GM is the metacentric height. The undamped heave
and roll natural frequency are defined as
u2 ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2rga
mþa22
q
;u3 ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
mgGM
Iþa33
q
, respectively. Ruol et al. (2013)
investigated the heave natural frequency for p-type floating
rectangular breakwater and compared analytical calculations
with experimental measurements. Based on Ruol et al.
(2013)'s empirical formula, the heave natural frequency can
be determined by Eq. (41)
u2 ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
g
ðd þ sÞ þ 0:7a
r
: ð41Þ
As linear wave theory is employed, the reflection and
transmission coefficients of the moving floating breakwater
60 I.-H. Cho / International Journal of Naval Architecture and Ocean Engineering 8 (2016) 53e65may be calculated as the linear superposition of the scattered
waves and radiated waves. Thus the complex reflection coef-
ficient Rf and transmission coefficient Tr and energy loss co-
efficient can now be calculated from
Rf ¼ Rþu
2
g
X3
j¼1
xjAj0f0ð0Þ;
Tr ¼ T þu
2
g
X3
j¼1
xjð  1ÞjAj0f0ð0Þ;
εL ¼ 1
Rf 2  jTrj2:
ð42Þ
3. Numerical results and discussion
Comparisons between the present MEEM solutions ðb ¼ 0Þ
and Gesraha's results (2006) for impermeable side plates, are
given in Figs. 2e3 for various relevant parameters
ða=h ¼ 0:5; d=h ¼ 0:25; s=a ¼ 1:0Þ. In these figures, the lines
represent the MEEM solutions for varying porous parameters,
whereas the symbols(C) are Gesraha's results forFig. 2. Wave exciting force and moment on a rectangular breakwater with side plate
h ¼ 0.5, d/h ¼ 0.25, s/a ¼ 1.0: Lines are for present MEEM solutions (b ¼ 0) animpermeable side plates. These figures show that the agree-
ment between the present solutions and Gesraha's results is
very good.
Fig. 2 shows the dimensionless wave exciting forces plotted
as a function of ka with respect to various porous parameters
b. The porous parameter b/∞ means that the porous plate is
transparent, in other words, do not exist ðs=a ¼ 0:0Þ. The
dimensionless sway force and roll moment curves reaches a
peak at a vicinity value of kaz0:5. The decreasing trend of the
sway exciting forces and roll moments have appeared with
increasing b, while the heave exciting forces show the contrary
trend. It can be explained that the water is trapped much more
in between two side plates as b/0, therefore it gives the ef-
fect like an increase of a rectangular breakwater's draft.
In order to assess the effect of the porous side-plates on the
added masses and damping coefficients, it is of importance to
study the variation of these quantities according to the porosity
of side plates. The corresponding added mass and damping
coefficients are given in Fig. 3 for different porous parameters.
It is noteworthy that the sway and roll added mass coefficients
tend to be maximal at the long wave extreme, and the presence
of the side-plate results in an increase of added mass ands as a function of porous parameter b and non-dimensional wavelength ka for a/
d symbols are for Gesraha (2006)'s results.
Fig. 3. Added mass and radiation damping coefficient for a rectangular breakwater with side plates as a function of porous parameter b and non-dimensional
wavelength ka for a/h ¼ 0.5, d/h ¼ 0.25, s/a ¼ 1.0: Lines are for present MEEM solutions (b ¼ 0) and symbols are for Gesraha (2006) results.
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Fig. 3. (continued)
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pected. But for the heaving motion mode, the box-type
breakwater ðs=a ¼ 0:0Þ yields the higher damping co-
efficients than the breakwater with impermeable side plates.
The added mass coefficients in Fig. 3 shows good agreement
between the present MEEM solutions ðb ¼ 0Þ and Gesraha
(2006)'s results except the roll added mass, where the present
MEEM solutions gives the higher constant value than Gesra-
ha's results. To confirm the present MEEM solutions for roll-
mode, the two different methods by both pressure integra-
tion and Haskind relation are compared in Fig. 4. A good
agreement between them proves that there must be a slight
error in Gesraha (2006)'s results. The added mass coefficients
decrease consistently with increase of porous parameter b
within the entire range of ka. However, the damping co-
efficients show the complex pattern with b. Especially, the roll
damping shows the appreciable change with porous parameter.
The cross-coupling coefficients ða13; b13Þ between sway and
roll are shown in Fig. 3d. The behavior of both added mass andFig. 4. Comparison of roll exciting moment between pressure integration and
Haskind relation for a/h ¼ 0.5, d/h ¼ 0.25, b ¼∞, s/a ¼ 1.0, zG/a ¼ 0.0, GM/
a ¼ 0.1, rG/a ¼ 0.9.radiation damping is very similar to the corresponding
behavior for sway mode ða11; b11Þ except minus sign.
The response amplitude operators (RAOs) of a floating
rectangular breakwater have been calculated and are given in
Fig. 5 as a function of non-dimensional wavelength ka with
respect to various porous parameters b for a=h ¼ 0:5; d=h ¼
0:25; s=a ¼ 0:5; zG=a ¼ 0:0; GM=a ¼ 0:1; rG=a ¼ 0:9.
For extremely long waves, the sway and heave RAOs corre-
spond to motion amplitudes equal to the horizontal and ver-
tical water particle displacement respectively, while the roll
response amplitude tends to follow the wave slope. The heave
RAO exhibits a typical damped response curve in single de-
gree of freedom system, where the maximum response occurs
at frequency somewhat lower than the undamped heave natural
frequency u2 calculated from Eq. (41), depending on the
damping in the system. The corresponding non-dimensional
wavelength ka of heave natural frequencies for both
s=a ¼ 0:5 and s=a ¼ 0:0 are 0.67 and 0.88, which correspond
to the ka of heave peaks, respectively. When b increases, the
peaks move to the low frequency region. The roll RAO for
s=a ¼ 0:0 has a peak at ka ¼ 0:26 corresponding to the roll
natural frequency u3. The adding of side plates moves the
resonant frequency to ka ¼ 0:18. Due to the coupling effect
between sway and roll, a significant increase in the sway
motion response occurs at ka ¼ 0:18. The peak at the resonant
frequency is reduced with increasing b regardless of modes of
motion.
Fig. 6 shows the reflection, transmission, and energy loss
coefficients as a function of ka for various values of b. As
expected, transmission coefficients decrease from unity in the
long wave limit to zero at ka ¼ 0:7 for b ¼ 0:0 and ka ¼ 1:12
for b ¼ ∞. The values ka ¼ 0:7 and ka ¼ 1:12, where the
sudden drop of transmission coefficients occurs, corresponds
to the heave resonant frequencies shown in Fig. 5b with slight
discrepancy. The wave blocking performance is closely
dependent to the heave motion responses, especially at the
resonant frequency. Also, non-dimensional wavelength
ka ¼ 0:7 agrees well with the value, where the energy loss
Fig. 5. Response amplitude operator of a floating breakwater with side plates as a function of porous parameter b and non-dimensional wavelength ka for a/h ¼ 0.5,
d/h ¼ 0.25, s/a ¼ 0.5, zG/a ¼ 0.0, GM/a ¼ 0.1, rG/a ¼ 0.9.
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The ka ¼ 0:18 representing the spike behavior of the reflection
and transmission coefficients corresponds to the roll resonant
frequency. The ka range maintaining high energy-loss co-
efficients are gradually increased with the porous parameter,
and its peak frequencies are also shifted depending on the
porous parameter b. It is also confirmed that as the porous
parameter increases, the overall energy loss coefficient be-
comes higher. But if the porous parameter exceeds the critical
value, the energy dissipation effect must be diminished.
In Fig. 7, the transmission coefficient was calculated for
various protruding depths ðs=aÞ of side plates. It is seen the
total transmission zone situated at small ka region is
expanding with decreasing of s=a. This characteristic implies
that, for practical applications such as shoreline protections, a
breakwater with deeper protruding side plates would be more
advisable, since not only lower jTrj can be achieved but also
wider applicable extent of ka for the breakwater is realized. In
the case of impermeable side platesðb ¼ 0Þ, the transmission
coefficients approach to zero at certain particular frequencies
ka ¼ 1:13; 0:84; 0:71; 0:59; 0:51 with increasing order of s=a,where the total reflection occurs. The corresponding ka of
heave natural frequencies for the five different
s=a ¼ 0:0; 0:25; 0:5; 0:75; 1:0 are 0.88, 0.76, 0.67, 0.61,
and 0.56, respectively. The discrepancy of ka between them
increases as s=a decreases. As ka/∞, the transmission co-
efficients tend to converge regardless of s=a. In the case of
porous side plates with porous parameter b ¼ 10, the complete
reflection points are hardly seen and the transmission coeffi-
cient curve is smoothed. Also the transmission coefficient
decreases monotonically with ka.
4. Summary and conclusions
The possibility of performance enhancement of a rectan-
gular breakwater by attaching porous side plates was investi-
gated in the context of two-dimensional linear potential theory,
in which the energy dissipation due to viscosity across porous
side plates is taken consideration through Darcy's law. In
Section 2, MEEM solutions for a floating rectangular break-
water with porous side plates were obtained by means of the
eigenfunction expansion method. The present MEEM
Fig. 7. Transmission coefficients of a rectangular breakwater with side plates as a function of porous parameter b and non-dimensional wavelength ka for a/h ¼ 0.5,
d/h ¼ 0.25, s/a ¼ 1.0, zG/a ¼ 0.0, GM/a ¼ 0.1, rG/a ¼ 0.9.
Fig. 6. (a) Reflection, (b) transmission, (c) energy loss coefficients of a rectangular breakwater with side plates as a function of porous parameter b and non-
dimensional wavelength ka for a/h ¼ 0.5, d/h ¼ 0.25, s/a ¼ 0.5, zG/a ¼ 0.0, GM/a ¼ 0.1, rG/a ¼ 0.9.
64 I.-H. Cho / International Journal of Naval Architecture and Ocean Engineering 8 (2016) 53e65
65I.-H. Cho / International Journal of Naval Architecture and Ocean Engineering 8 (2016) 53e65solutions were confirmed by Gesraha (2006)'s results for
impermeable side plates.
Using the developed computer program, the transmission
coefficient of a rectangular breakwater with porous side plates
was assessed for various wavelengths and plate characteristics,
such as porosity, protruding depth, and width of side plates. It
was seen that the sway exciting forces and roll moments
increased with decrease of porous parameter by the effect of
draft's increase and the presence of the side-plate regardless of
porous parameter results in an increase of added mass and
damping coefficients. The non-dimensional wavelength, where
the sudden drop of transmission coefficients occurs, corresponds
to the heave resonant frequency. In other word, the wave
blocking performance of present p-type floating breakwater is
closely dependent to the heave motion responses, especially at
the resonant frequency. As a result of the parametric study, both
properly selected porosity and deeper protruded side plates are
helpful in reducing the transmission coefficients and also
extending thewider applicable extent of incident wavelength for
performance enhancement. When installed the porous side
plates ðbs0Þ, the transmission coefficient curve was smoothed.
From the present study, it can be concluded that a properly
designed porous side plates can be very effective to improve the
performance of a floating rectangular breakwater and the
optimal design parameters can be found through a comprehen-
sive parametric study by using the developed numerical tool.
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